Purpose: To examine imaging utilization in a matched cohort of patients with and without implantable cardioverter defibrillators (ICD) and to project magnetic resonance imaging (MRI) utilization over a 10-year period. Materials and Methods: The Truven Health MarketScan Commercial claims and Medicare Supplemental health insurance claims data were used to identify patients with continuous health plan enrollment in 2009-2012. Patients with ICDs were identified using ICD-9 and CPT codes, and matched to patients with the same demographic and comorbidity profile, but no record of device implantation. Diagnostic imaging utilization was compared across the matched cohorts, in total, by imaging categories, and in subpopulations of stroke, back pain, and joint pain. MRI use in the nonimplant group over the 4-year period was extrapolated out to 10 years for ICD-indicated patients. Results: A cohort of 18,770 matched patients were identified; average age 65.5 6 13.38 and 21.9% female. ICD patients had significantly less MRI imaging (0.23 0.70 SD vs. 0.00 0.08 SD, P < 0.0001) than nonimplant patients. Among patients with records of stroke/transient ischemic attack (TIA) (ICD 5%, nonimplant 4%) and accompanying diagnostic imaging, 44% of nonimplant patients underwent MRI vs. 1% of ICD patients (P < 0.0001). Forecast models estimated that 53% to 64% of ICD-eligible patients may require an MRI within 10 years. Conclusion: MRI utilization is lower in ICD patients compared to nonimplant patients, yet the burden of incident stroke/ TIA, back, and joint pain suggests an unmet need for MR-conditional devices.
O
ver the past decade the use of magnetic resonance imaging (MRI) has witnessed a sharp increase [1] [2] [3] as the modality of choice for diagnosing a spectrum of conditions. 4 For joint pain and lower back pain, MRI is cited as an appropriate diagnostic method by the American College of Radiology. 5 For stroke, an MRI method known as diffusion-weighted imaging (DWI), has emerged as a sensitive and specific technique. [6] [7] [8] In these conditions and others, such as cardiomyopathy, [9] [10] [11] [12] MRI has emerged as a preferred imaging modality because it provides excellent spatial resolution without exposing patients to ionizing radiation, iodinated contrast agents, and risks of invasive procedures. 13 The use of MRI technology is expected to grow in tandem with the expanding number of cardiovascular patients, 13 and the increasing number of cardiovascular indications for MRI. 5, 11 At the same time, there is a corresponding rise in the volume of patients receiving implantable cardioverter defibrillators (ICDs), 13, 14 with an estimated 2.9 million implanted between 1993-2009 in the U.S.. 15 In 2013, the National ICD Registry published a report on the latest entries into its database, including the number of ICDs implanted in the U.S. for quarters 2-4 in 2010 and all of 2011. According to the report, there were $263,000 ICD procedures over the time period, translating to 12,500 per month.
The importance of MRI in the growing population of ICD recipients is underscored by the ongoing concerns regarding its safety. MRI scanners utilize static and gradient magnetic fields and radiofrequency energy 11, 12 that can disable or reset ICD electronics, result in inappropriate therapies or inhibit needed therapy, exert force upon the generator, or heat ICD components. 14 The U.S. Food and Drug Administration (FDA), in a statement updated in 2014, advises caution and summarizes possible hazards of ICD interaction with MRI. 17 Also in 2014, the Canadian Heart Rhythm Society and Canadian Association of Radiologists published a Consensus Statement summarizing potential risks in scanning patients with non-MR conditional devices. The Statement notes that scanning of these patients is not endorsed by Health Canada, and should be avoided unless there is a compelling medical need. 18 Studies have shown that MRI examination can safely be performed on modern ICD recipients if safety protocols are followed. 19, 20 Yet, despite the growing evidence, the safety concerns continue, and the impact of ICD implantation on diagnostic imaging utilization has not been clearly defined.
The purpose of this study was to examine imaging utilization in a matched cohort of patients with and without ICDs and to project MRI utilization over a 10-year period.
Materials and Methods
The methodology compares utilization of imaging in the ICD and nonimplant cohorts to illustrate the gap in volume of imaging linked to restrictions in its use in patients with ICDs. The study also compares utilization in subsets of the cohorts, including stroke, back pain, and joint pain. Four calendar years of MRI utilization in the nonimplant cohort was utilized to forecast the potential utilization for MRI over a 10-year time horizon.
Data Source
This study used data from the Truven Health MarketScan Commercial Claims and Medicare Supplemental Research Databases, which contain Health Insurance Portability and Accountability Act (HIPAA)-compliant, individual-level, deidentified, healthcare claims information from employers, health plans, hospitals, Medicare, and Medicaid programs. Research using MarketScan data has been widely published in peer-reviewed journals, including the field of imaging. 21, 22 A protocol describing the study objectives, criteria for patient selection, data elements of interest, and statistical methods was submitted to the New England Institutional Review Board (NEIRB) and deemed exempt from review (NEIRB #13-343). 
Patient Selection and Identification

Variables of Interest
The main outcome measure analyzed was yearly (2012) diagnostic imaging utilization which was organized into the following six categories: 1) computed tomography (CT) and computed tomography angiography (CTA); 2 MRI and magnetic resonance angiogram (MRA); 3) ultrasound, echo, Doppler, and duplex; 4) X-ray and fluoroscopy; 5) nuclear; and 6) other. Diagnostic imaging utilization was then measured two different ways: i) by the number of procedures overall and across each category, and ii) by the number of actual patients having a procedure within each category. The main independent variable for this analysis was whether a patient was in the ICD cohort or the nonimplant cohort. Explanatory variables included patient demographics (age, gender, and type of plan) and patient comorbidities (diabetes, hypertension, chronic pulmonary obstruction disease [COPD], etc.). See Appendix D for a complete listing of all comorbidities and their corresponding diagnostic codes.
Three additional variables were created to further subdivide the population. This included patients with a diagnosis code on record for the year 2012 for the following diseases: acute stroke, back pain, and joint pain. For the calendar year 2012, patients with ICD-9 diagnosis codes for stroke or transient ischemic attack (TIA) had their diagnostic imaging utilization summarized within 63 days of the stroke/TIA event. Patients with ICD-9 diagnosis codes for back pain or joint pain had their diagnostic imagining utilization summarized within 3 days before and 30 days after their first diagnosis on record.
Statistical Analysis
All data were imported and maintained in SAS data files. Tabulation of summary statistics, graphical presentations, and data analyses were performed using SAS v. 9.2. (SAS Institute, Cary, NC).
Once all variables were created, patients in the ICD implant cohort were matched 1:1 using a combination of direct (age, gender, type of plan) and propensity score matching (comorbid conditions) to patients in the nonimplant cohort. A full list of comorbid conditions used for the propensity score are listed in Appendix D. Propensity score matching, or conditional probability of assignment to a particular treatment given a set of observed characteristics, has been shown to balance the number of confounders among matched cohorts. The propensity score was calculated from a logistic regression model as the probability that a patient was assigned to a particular treatment given the patient's comorbid conditions. From this model, individual propensity scores were calculated for each patient as a measure of the likelihood that the patient would have been in the ICD cohort versus the nonimplant cohort. An SAS macro from the Mayo Clinic (gmatch) was used to create a greedy match based on the propensity score. 23, 24 This method utilizes random selection of treatment subjects and chooses the nearest matching nonimplant subject. Once matched, the pairs will not be broken, even for a more optimal match.
Propensity Score Logit Model:
Where p i is the likelihood of ICD implant for the i th patient (i 5 1,. . .,n) and X 1i . . .X ip are covariate characteristics for the i th patient. Diagnostic imaging utilization was compared across the matched cohorts, in total, by imaging category (MRI, CT scan, X-ray, etc.), and for MRI by body area for the calendar year 2012. The same comparison was carried out for the following three subpopulations of interest: acute stroke/TIA, back pain, and joint pain.
Predicting the Probability of MRI Utilization: 10-Year Time Horizon
In an effort to further understand MRI utilization, the nonimplant matched cohort was used to measure the percent of patients with ICDs who needed an MRI over the 4-year period. (2009 -2012) This survival data were then fitted with exponential functions to forecast a range of best fit scenarios, as measured by the coefficient of determination, out to 10 years. Tables 1 and 2 . Since direct matching was used for age, gender, and type of plan, distributions were virtually equal across cohorts. Over 70% in each cohort were 60 years of age or older and $78% male. Medicare and commercial insurance were distributed fairly equally, with $53% being Medicare and 47% commercial. The highest concentration of patients by region occurred in the north central (30%) and south (34%). All standardized differences for demographics and comorbid conditions were <0.01, except for region.
After matching, ICD patients had significantly less imaging per patient compared to the nonimplant cohort (4.3 6.10 SD vs. 5.6 7.87 SD, P < 0.0001). ICD patients had significantly less MRI (0.23 0.70 SD vs. 0.00 0.08 SD, P < 0.0001) than the nonimplant cohort. (Fig. 2A) . These differences were similar in the patient-level analysis (Fig. 2B) . Among those patients of each 9385 cohort, who had an MRI, the most frequently occurring MRI was of the brain (29% nonimplant vs. 30% ICD). Table 3 shows the number and percent of MRIs for each cohort by body area. Table 4 depicts the overall differences in imaging utilization between ICD and nonimplant patients across the three subpopulations: stroke/TIA, back pain, and joint pain. Among patients with records of stroke/TIA (ICD 5%, nonimplant 4%) and accompanying diagnostic imaging, 44% of nonimplant patients underwent MRI vs. 1% of ICD patients (P < 0.0001) (Fig. 3A) and nonimplant patients had more imaging tests overall (4.1 2.47 SD vs. 3.2 2.16 SD, P < 0.0001). Among patients with records of back pain and accompanying diagnostic imaging, 22% of nonimplant patients underwent MRI vs. 0.7% of ICD patients (P < 0.0001) (Fig.  3B) , and nonimplant patients had more imaging tests overall (2.5 2.80 SD vs. 2.0 2.04 SD, P 5 0.0003). By comparison, patients with records of back pain and ICDs underwent a statistically significantly larger volume of CT and CTA (32%) as compared to the nonimplant cohort (21%) (P 5 0.0011). Among patients with records of joint pain and accompanying diagnostic imaging, 17% of nonimplant patients underwent MRI vs. 0.1% of ICD patients (P < 0.0001) (Fig. 3C) , and nonimplant patients had more imaging tests overall (2.5 2.77 SD vs. 2.1 1.89 SD, P < 0.0001). Similar to the back pain subgroup, patients with joint pain records and ICDs underwent CT and CTA more often (19%) than patients with joint pain in the nonimplant cohort (16%). The difference, however, was not statistically significant.
The proportion of nonimplant patients who received an MRI or MRA at 1, 2, 3, and 4 years and projected to 10 years are shown in Fig. 4 . These ICD-indicated patients had a projected MRI or MRA utilization of between 53% and 64% within 10 years. 
Discussion
These findings of minimal utilization of MRIs among ICD patients suggest continued reluctance to perform MRIs in those patients and an unmet need for MRIs, yet this practice conflicts with the current trend toward greater use of complex imaging. The volume of patients with ICDs is growing, and for much of the last decade Medicare Part B spending on complex scanning methods, including MRI, rose an average 17% per year. This indicates a spending pattern that is nearly twice that of spending on ultrasound, radiography, and other standard imaging procedures. Further evidence of the growing role of MRIs comes from Appropriateness Criteria from the American College of Radiology, which are evidenced-based guidelines designed to help imaging decision-making. The Appropriateness Criteria consistently rank MRI as an appropriate diagnostic tool for a wide range of musculoskeletal, neurologic, cardiac, and other conditions. 5 In the case of low back pain, for example, MRI is highly rated as a preferred modality, ranking an "8" out of a possible "9" for patients with a suspicion of cancer, infection, or immunosuppression, or in patients with lowvelocity trauma, osteoporosis, focal and/or progressive deficit, prolonged symptom duration, or greater than 70 years of age. By comparison, for this same indication, use of a CT scan is rated "6," which suggests this approach "may be appropriate." Similarly, for pain in the hip joint, an MRI without contrast is rated a "9" for patients who are radiograph negative, equivocal, or nondiagnostic, and have suspected osseous or surrounding soft-tissue abnormality, excluding osteoid osteoma. A CT scan for this indication is rated "2," which translates as "usually not appropriate." Given the evidenced-based importance of MRI as a valued diagnostic tool, its minimal use in ICD patients is a concern. Our study revealed this same pattern of sharply different MRI/MRA utilization among the three matched subpopulations of interest: acute stroke/TIA, back pain, and joint pain.
At the time of this analysis, MR-conditional ICDs were not available in the U.S., but our finding of an unmet need for imaging in patients with ICDs is similar to results from a European study where conditional ICDs have been available for a few years. A study of 51 European Heart Rhythm Association centers by Marinskis et al 27 focused on
MRIs in patients with ICDs, and 65.8% reported never performing MRI on non-MR-conditional ICD recipients.
Our results indicate that despite the growing literature regarding the safety of MRI in the setting of implanted legacy ICDs, 19 widespread adaptation of safety protocols has not occurred. In the course of evaluating a protocol for safely imaging ICD patients, a prospective study conducted 555 MRIs in 438 patients. They found devices of three patients reverted to back-up programming mode and decreases in right ventricular (RV) sensing, as well as atrial, right and left ventricular lead impedances. Interrogations at 6 months showed decreased RV sensing, decreased RV lead impedance, increased RV capture threshold, and decreased battery voltage. It is important to note that none of the reported changes required device revision or reprogramming. 19 The MagnaSafe Registry reported on 500 patients with an ICD who have had a nonthoracic MRI. They report that no deaths, generator or lead failures, loss of capture, or ventricular arrhythmias occurred and found that one or more clinically relevant device parameter changes occurred in 29% of ICD patients. The generator of one ICD was later replaced due to inappropriate activation of tachytherapy during the MRI. 28 The hesitation to adopt such safety protocols is partially attributable to the current lack of an FDA-approved MR-conditional ICD and Medicare coverage restrictions regarding MRI scans in patients with ICDs. It is possible that with additional safety data the U.S. FDA and CMS will review and revise their MRI coverage policy; however, substantial safety data will understandably be needed. An important outcome of our study is that more than half, 53%-64%, of ICD-indicated patients are projected to require MRI within a decade, a result that is consistent with previous research. 4 Kalin There are several important limitations to consider. First, although data sources were large and contemporary, variables were based on medical claims designed for billing purposes, and unidentified confounders may be present, which could affect the precision of the prediction model. Second, we are unable to ascertain indication for imaging, which could help generate precise estimates of likelihood of need or MRI based on comorbidities, or clarify conditions or indications in which non-MRI alternatives could be suitable. Third, findings may not be generalizable to other countries or non-fee for service healthcare systems, which may have lower rates of imaging utilization. Finally, patient outcomes related to receiving MRI versus not could not be determined from this claims analysis.
In conclusion, MRI utilization is lower in ICD patients compared to nonimplant patients, and disparities are seen in access to MRI among the three subgroups of interest. One in 25 ICD patients would have qualified for imaging for a recorded stroke/TIA, yet less than 1% received MRI for this indication. We project that $53%-64% of ICD patients are likely to need an MRI over a 10-year time horizon, highlighting the importance of MRconditional ICDs for this patient population. 
